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Weakly ordered nickel-manganese alloys, field cooled to 4 K, exhibit a reversal in remanent magnetization
upon warming. The reversal is dependent on the state of atomic order and the cooling field. A local-
environment model and Mn-rich aggregates, which are isolated from other Mn-rich aggregates, explain the

essential features of the reversal.

I. INTRODUCTION

Disordered Ni-Mn alloys near the stoichiometric
Ni;Mn composition exhibit a field-induced unidi-
rectional anisotropy after field cooling to 4 K.!
This results in a shifted hysteresis loop and a re-
manent magnetization which was explained by an
exchange-anisotropy model®? in which essentially
macroscopic ferromagnetic regions are exchange
coupled to antiferromagnetic regions.

In a recent study,® the present authors have ob-
tained extensive data on the effect of composition,
cooling field, measuring field, and degree of order
on the magnetic properties of Ni-Mn alloys from
22 -to 32-at.% Mn. For the disordered alloys, the
susceptibility results showed an antiferromagnetic
character for Mn content above 25 at.% and a fer-
romagnetic character for Mn content below 25
at.%. From observations of the measuring field at
4 K required to overcome the exchange anisotropy
in zero-field-cooled alloys, the exchange-aniso-
tropy field was found to increase from 10 kOe at
. 22-at.% Mn to 90 kOe at 32-at.% Mn, for the dis-
ordered alloy. Weak partial ordering decreased
the anisotropy field. These results were explained
by a local-environment model (LEM), proposed by
Satoh et al.,* which considers the nearest-neighbor
environment (NNE) of Mn attoms in the alloy.

As recently reported,® a remanence reversal ef-
fect has been found in these alloys. The remanent
magnetization M,, which results after cooling in a
field to 4 K, decreases upon warming and changes
sign between 40 and 200 K; i.e., the direction of
M, becomes opposite to the direction of the initial
cooling field. The effect appears to be largest for
the 25-at.%- Mn composition and weak atomic or-
dering. This remarkable effect was also explained
in terms of the LEM. In the present study, the
remanence reversal effect was investigated as a
function of cooling field, order development due to
annealing at 500 °C, and composition. The data are
discussed in relation to calculations based on the
LEM.

II. EXPERIMENT

The alloy samples were cast into ingots in an
argon atmosphere after rf induction melting. The
ingots were homogenized by cold working and
quenching from 1000 °C several times. Spherical
samples for measurement, 2.5-3.0 mm in dia-
meter, were fabricated by a modified two-pipe
lapidary method. Compositions were determined
by atomic absorption methods on pieces in close
proximity to the region in the ingot from which the
spherical samples were cut. The samples were
atomically disordered by vacuum sealing them in
thin-walled quartz tubes (3-mm i.d. and 0.5-mm
wall thickness), holding them at 1000 °C for 3 h,
and quenching in ice water. Thermocouple mea-
surements indicated that the time spent in the or-
dering temperature range from 600 to 350 °C,
during the quenching process, was about 3 sec.
Neutron diffraction did not detect the presence of
any appreciable atomic order for rod samples
quenched in this manner.”

Magnetization was measured by standard vibrat-
ing sample magnetometry. The samples were ini-
tially cooled to 4 K in the presence of an external
cooling field. Two separate systems were used for
the low-field and high-field cooling experiments.
For cooling fields from zero to 8 kOe, a conven-
tional iron yoke electromagnet and a Princeton
Applied Research Model FM1 magnetometer were
used with a Janis Varitemp dewar. Prior to mea-
suring the relatively weak remanence, the electro-
magnet was removed from the vicinity of the sam-
ple. The remanent magnetization was measured as
the temperature was raised continuously from 4 K
to room temperature. Current to the temperature
controller heating element was switched off during
the actual measurement to avoid noise. Two mea-
surements were made at each temperature, one
with the sample rotated 180° to cancel any effect of
asymmetry in the pick-up coils, the sample posi-
tion, or stray fields. For cooling in high field (56
kOe), a superconducting solenoid with a Princeton
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Applied Reserach Model 150A parallel field mag-
netometer and a Janis Varitemp dewar were used.
For this system, the magnet was switched off after
field cooling and before the remanence was mea-
sured as a function of increasing temperature. The
reversal in remanence was distinct at both facili-
ties.

The compositions analyzed were 22.1, 24.6,
26.2, 29.0, and 32.1-at.% Mn. The samples used
were in the disordered state, in states of partial
order, or ordered for 50 h at 500 °C. States of
partial order were obtained by annealing a disor-
dered sample at 500 °C for various periods of time
while vacuum sealed in thin-wall quartz, followed
by an ice water quench. The annealing was taken
to be cumulative.

III. EXPERIMENTAL RESULTS

As established by the early work of Kouvel and
co-workers,' disordered Ni-Mn alloys near the
Ni;Mn composition exhibit a remanent magnetiza-
tion in the field direction after field cooling to 4 K.
Figure 1 shows a typical hysteresis loop for the
disordered 24.6-at.%-Mn alloy at 4 K after cooling
in 8 kOe. The magnetization curve shows very lit-
tle hysteresis and is shifted to yield a single uni-
directional remanence M"t?! in the direction of
the cooling field H, . It is this induced reman-
ence which is examined as a function of tempera-
ture during warming in this study. This shifted
magnetization curve is a well-known characteris-
tic of unidirectional anisotropy. The magnetization
curve for cooling in zero field, denoted by H
=0, is also shown. This curve shows no shift, no
remanence, and a much smaller magnetization for
a given measuring field.

The first observation of remanence reversal was
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FIG. 1. Magnetization M vs applied field H at 4 K for
a disordered 24.6-at.%-Mn alloy after field cooling in
8 kOe [H,,,, =8kOe, curve (a)] and in zero field [Hyy =0,
curve (b)]. The positive M axis is in the initial cooling
field direction. '
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FIG. 2. Remanent magnetization M, as a function of
temperature during warming from 4 K after cooling from
300 to 4 K in various fields as indicated. The data are
for a 24.6-at.%-Mn sample, initially disordered by rapid
quenching from 1000 °C, and then partially ordered by
holding at 500 °C for 11 min.

for this 24.6-at.% Mn composition with a small
amount of order development induced by briefly
annealing the sample at 500 °C. In Fig. 2 the effect
is shown for a fixed annealing time of 11 min and
for various cooling fields. The remanence at 4 K
induced by the field cooling decreases upon warm-
ing, crosses zero, and becomes negative at higher
temperatures. The direction of the reversed mo-
ment is found to be exactly antiparallel, at an
angle of 180°, relative to the initial cooling field
direction. The crossover temperature 7,, where
M, is zero, decreases with increasing H_,,,. The
maximum reversed remanence, M;®"™3*  jincreases
with increasing cooling field. It is of interest to
note that the initial remanence at 4 K decreases
with increasing cooling field, opposite to the ex-
change anisotropy prediction. These results are
not explained by the currently accepted exchange
anisotropy model.

Figure 3 summarizes the dependences upon cool-
ing field of the initial remanence at 4 K, Miritial)
the crossover temperature for zero remanence T,
and the maximum reversed remanence M;®"~-™2%,
The data for M!"t1¥! ghow that the remanence at 4
K is a decreasing function of cooling field. For
H, =0, however, the initial remanence is zero.
This result indicates that the cooling field depend-
ence of M}"t2! js quite different from that for the

~ disordered alloy, for which M *ti# jpcreases

smoothly from zero with increasing H, ,. The
crossover temperature T, decreases with increas-
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FIG. 3. Iitial remanence at 4 K, M*tal | the maxi-
mum reversed remanence M>*""™® during warming, and
the crossover temperature for zero remanence T as a
function of the cooling field, for the data in Fig. 2.

ing cooling field, while M[°*"™® increases smoothly
with cooling field. These results and their impli-
cations will be considered in Sec. IV.

Figure 4 shows the temperature dependence of
the remanence after field cooling in a fixed field of
8 kOe, with the annealing time at 500 °C as a para-
meter, for the 24.6at.%Mn alloy. The reversal
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FIG. 4. Remanent magnetization M, as a function of
temperature during warming from 4 K after cooling from
300 to 4 K in 8 kOe. The data are for 24.6-at.%-Mn alloy
samples, initially disordered by rapid quenching from
1000°C, and then partially ordered by holding at 500°C
for the cumulated times indicated.
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FIG. 5. Initial remanence at 4 K after cooling from
300 K in 8 kOe, MMtal, and the maximum reversed
remanence upon warming M3 ™, as a function of an-
nealing time at 500 °C for an initially disordered 24.6-
at.%-Mn alloy, based on the data in Fig. 4.

effect is clearly in evidence for all but the disor-
dered and 50-h ordered samples. It is noteworthy
that the crossover temperature is insensitive to the
degree of order (in partially ordered alloys) and
that the maximum reversed remanence shows a
maximum for a partially ordered state. These

two characteristics are key points to be considered
closely in Secs. IV and V. Figure 5 summarizes the
dependences upon annealing time of the initial re-
manence M™% and the maximum reversed re-
manence M;°*"™**  The initial remanence simply
decreases with annealing time, while the maximum
reversed remanence goes through a peak at about
11 min in the case of 500 °C annealing.

As evident from Figs. 2 and 4, the remanence
reversal effect is quite small. The reversed re-
manence is more than an order of magnitude
smaller than the initial remanence at 4 K after
field cooling. Apart from the 24.6-at.%-Mn sam-
ple, remanence reversal was also observed in a
disordered 22.1-at.%-Mn sample under high-field-
cooling conditions. Figure 6 shows the data for
field cooling in 56 kOe. The reversal effect is dis-
tinct but extremely small. The crossover is near
40 K. This is the smallest T, observed in these
experiments. Data for the 24.6-at.%-Mn sample,
annealed 11 min at 500 °C, are also shown. The
initial decrease in M, is sharper than for cooling
in lower fields. No reversal was found for the al-
loys with Mn content above 25 at.%.

The results presented above are summarized in
Table I. The three magnetic parameters that
serve to describe remanence reversal are listed,
along with the effect of cooling field and partial
ordering on them. The initial remanence M2l
obtained after cooling in a field to 4 K, is found to
decrease with increasing cooling field (in partially
ordered alloys) and decrease with order develop-
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FIG. 6. Remanent magnetization M, as a function of
temperature during warming from 4 K after cooling from
300 to 4 K in 56 kOe for two samples: a 24.6-at.%-Mn
alloy annealed for 11 min at 500 °C from a disordered
state, and a 22.1-at.%-Mn alloy in the disordered state.

ment. The crossover temperature T,, for zero
remanence upon warming from 4 K, is found to de-
crease with increasing cooling field and to be vir-
tually independent of the state of atomic order for
partially ordered samples. The maximum re-
versed remanence, M;°""™*  increases with cool-
ing field and peaks for an annealing time of 11

min at 500 °C, which corresponds to a state of par-
tial order development.

IV. LOCAL-ENVIRONMENT MODEL AND REMANENCE
REVERSAL

The results outlined in Sec. III can be qualita-
tively explained by the LEM.*® Moreover, the
dependence of the maximum reversed remanence
M7e""™2 on annealing time and the peak at an inter-
mediate state of order can be quantitatively ex-

plained by a statistical calculation based on this
model. In this section remanence reversal is in-
terpreted in terms of the LEM. In Sec. V the the-
oretical calculation is described.

In the LEM, Mn atoms are classified according
to their NNE. One type Mn(A) has a Mn-rich NNE
and is coupled antiferromagnetically to its Mn
nearest neighbors. These Mn(A) aggregates have
a relatively high N€el temperature. The second
type Mn(B) has a NNE corresponding to a local
composition of 25-at.% Mn. The Mn(B) is exposed
to a very weak molecular field. The third type
Mn(C) has a Mn deficient NNE and is ferromagnet-
ically coupled to its Mn and Ni nearest neighbors.?
The Mn(A) atoms appear to be important in rema-
nence reversal and will be the focus of the LEM
discussion here.

Mn(A) atoms are those Mn atoms which have four
or more nearest-neighbor Mn atoms in their NNE.
Figure 7(a) shows a core Mn(A) atom with four
such neighbors; the remaining atoms in the NNE
are nickel atoms. It is assumed that when the Mn
NNE contains four or more Mn atoms as for
Mn(4), the NNE magnetic moments are (i) coupled
parallel within themselves, and (ii) coupled anti-
parallel to the core Mn(A) atom. This assumption
is plausible, since nearest-neighbor Mn atoms
have an antiferromagnetic exchange interaction
and sufficient Mn atoms in the NNE should allow
this tendency to dominate over the ferromagnetic
Ni-Mn nearest neighbor exchange. The presence
of Mn spins coupled antiparallel to their environ-
mental spins has been directly observed using
NMR techniques by Kitaoka and Asayama.® Thus,
the Mn(A4) regions may be viewed as a ferromag-
netic Mn-rich NNE shell which is coupled antifer-
romagnetically to the Mn(A) core atom.

Consider the magnetic history which leads to
remanence reversal in light of this model. During
field cooling, the ferromagnetic NNE with a rela-
tively large net moment is aligned with the cooling
field. There is a N€el temperature Ty related to
the net antiferromagnetic interaction between the
Mn(A) and its NNE. As the temperature during
field cooling falls below the 7, for a particular

TABLE I. Summary of experimental results on remanence reversal. Crossover and re-
versal occur in Ni-Mn alloys which are partially ordered.

Parameter

Cooling-field

Atomic-order

dependence dependence
Initial 4 K remanence Decreases in partially D
Minitial ordered alloys ecreases
Crossover temperature T Decreases Independent
Maxi
aximum revetle“f:t;lx Increases Peaks for a partial-

remanence M,

order state
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FIG. 7. (a) Schematic representationofa Mn (4) local
aggregate within the context of the LEM. The core Mn
atom has four nearest-neighbor Mn atoms in its NNE.
The NNE moments are all parallel, and antiparallel to
the Mn(A) moment. (b) Schematic representation of the
magnetization contributions of the NNE, (MNNEy  and the
Mn(A), (M4 to the remanent magnetization as a func-
tion of temperature. Reversal occurs for temperatures
where (IYNB) <« rMn(A) jg satisfied.

Mn(A) region, that Mn(A) core moment will be
aligned opposite to the field and the local spin or-
der will freeze-in. The NNE moments will be
frozen-in along the cooling field direction; the
Mn(A) moment will be frozen-in opposite to this
direction. The initial remanence M™M* at 4 K is
due to the field aligned and relatively large NNE
moment.

Now, examine the behavior of the field induced
remanence during warming. If the average NNE
moment falls off more rapidly than does the aver-
age Mn(A) moment, one may obtain a compensation
point in the remanence. Remanence reversal will
occur if, in addition, the net coupling between the
core Mn(A) atom and the NNE remains antiferro-
magnetic along the initial axis of the field cooling.
Such behavior is realized if the coupling of the
Mn(A) core atoms to their NNE is stronger than
that of the NNE atoms to their environment. A

qualitative variation of these moments with tem-
perature which would lead to crossover and re-
manence reversal is shown in Fig. 7(b). The small
high-temperature tail for the NNE magnetization
is included to indicate the small residual coupling
which is necessary for the Mn(A) magnetization to
“remember” the initial field cooling history and to
overcome thermal agitation. For remanence re-
versal to occur, it is necessary (i) for the NNE
magnetization to become very small, relative to
its 4-K value, above crossover, while (ii) still
preserving the antiferromagnetic coupling to the
Mn(A). Subject to these conditions, it is possible
to obtain a true remanence reversal opposite to
the cooling field direction for any cooling field ori-
entation. The direction of the Mn(A) moments is
not influenced by the crystalline anisotropy within
the individual crystallites. From the recent data
by Iwata et al.' for single crystal Cu-Mn, the ex-
change anisotropy and initial field cooled rema-
nence are independent of the crystallographic ori-
entation and depend only on the magnitude and di-
rection of the cooling field.

The LEM explains the essential features of the
data presented in Sec.III. First, consider thebe-
havior of the initial remanence. Within the frame-
work of the LEM, the cooling field should have two
effects: (i) The field will serve to better align the
ferromagnetic NNE and thereby increase piritial,
(ii) As the NNE is better aligned, however, the an-
tiferromagnetic coupling between the Mn(A) and
the NNE causes the Mn(A) to be better aligned, and
this will tend to reduce the initial field cooled re-
manence at 4 K. The curve in Fig. 3 shows that
for 24.6-at.% Mn annealed at 500 °C for 11 min,
MIMHal inereases rapidly from zero at H,,,, =0 to
73 emu/cm? at H,,, =0.5 kOe, and decreases for
larger cooling fields. A reasonable explanation is
that the initial rapid increase is due to the align-
ment of the relatively soft ferromagnetic NNE.
The more gradual falloff for larger cooling fields
is due to the enhanced Mn(A) alignment, which
serves to reduce the initial remanence.

The enhanced alignment of the Mn(A) opposite to
the NNE magnetization and cooling field direction
also explains the effect of cooling field on the
crossover temperature and the maximum reversed
remanence. If, as proposed above, larger cooling
fields promote a better antiparallel alignment of
the Mn(A) core spins, the compensation between
the NNE and Mn(A) moments will occur at a lower
temperature. T, is, in fact, observed to decrease
with increased cooling field as discussed in con-
junction with Figs. 2 and 3. This enhanced Mn(A)
magnetization also causes the maximum reversed
remanence to increase as the cooling field is in-
creased. This expectation agrees with the data in
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Within the framework of the LEM, which is a
kind of Ising model, one would consider that the
opposing moments must have appropriate magni-
tudes and temperature dependence if remanence
reversal is to occur. From a consideration of the
data in Figs. 2, 4, and 6, one arrives at the ob-
servation that the initial decrease in the positive
remanence upon warming should fall in the shaded
area of Fig. 8, if remanence reversal is to occur. .
If the NNE moment decreases more rapidly, the
Mn(A) spin is no longer supported by the NNE and
no reversal is possible. Disordered and nickel-
rich alloys have such curves. The 22.1-at.%-Mn
data in Fig. 6 indicate that 40 K is a reasonable
low-temperature limit for reversal to occur. If,
on the other hand, the NNE moment decreases
very slowly upon warming it would never fall be-
low the Mn(A) moment and no reversed remanence
could occur. Samples with a large amount of atom-
ic order, samples with high Mn content, and sam-
ples cooled in very small fields have such curves.

V. THEORY FOR MAXIMUM REVERSED REMANENCE

The effect of annealing time on crossover and
M7= provides the most important connections
between the LEM and the present data. It is pre-
sumed, based on the magnetization versus tem-
perature data in Ref. 4, that there is actually a
distribution of T values for Mn(A) cores with dif-
ferent NNE configurations. Figure 4 shows, how-
ever, that the crossover is quite insensitive to an-
nealing time. This result suggests that the indi-
vidual Mn(A) atomic regions which are responsible
for the remanence reversal, are not modified by
the ordering process. The concentration of these
regions, however, is a sensitive function of an-
nealing time. This is reflected in the data of Figs.

4 and 5, which show that the maximum reversed
remanence first increases with ordering, up to an -
annealing time of 11 min at 500°C, and then de-
creases for longer annealing times.

As mentioned above, the Mn(A) atomic aggre-
gates provide a reasonable explanation of rema-
nence reversal. However, the concentration of
Mn(A) aggregates obviously decreases with in-
creasing atomic order while the remanence rever-
sal peaks for an intermediate order state as shown
in Figs. 4 and 5. The constant crossover temper-
ature in Fig. 4, which is independent of the amount
of atomic order, suggests that only one particular
class of Mn(A) aggregates is responsible for re-
manence reversal. Such aggregates must have a
statistical concentration appropriate to the ob-
served magnitude of M}°""™® and that concentration
must also go through a maximum at an appropriate
intermediate order state.

A particular class of Mn(A) regions, termed iso-
lated Mn(A), has been found to have these proper-
ties and to quantitatively account for remanence
reversal. In the analysis, then, it is necessary to
distinguish between different types of Mn(A) aggre-
gates. The distinction is in terms of the NNE of
the Mn atoms in the NNE of the core Mn(A) atom.
Recall that Mn(A) atoms are those for which four
or more of the twelve nearest-neighbor atoms are
manganese. At the extreme, isolated Mn(A) atoms
are those for which none of the nearest-neighbor
Mn atoms are themselves in the Mn(A) category.
For these isolated Mn(A) aggregates, it is ex-
pected that the qualitative arguments of Sec.IVare
valid, with a ferromagnetic NNE shell coupled an-
tiferromagnetically to the core Mn(A) atom. These
regions are proposed to be responsible for rema-
nence reversal. The purpose of this section is to
describe a quantitative calculation of the variation
in the concentration of the various types of Mn(A)
aggregates with atomic order. The results are
then related to the present data on remanence re-
versal. Finally, the possible role of multiple
Mn(A) aggregates, those with Mn(A) atoms in their
NNE, is briefly considered.

An atomic site in the fcc lattice which contains
a manganese atom, and » nearest-neighbor man-
ganese atoms, out of the possible twelve nearest-
neighbor atoms, as illustrated in Fig. 7(a) for
n=4, will occur with a probability

P =x[121/n1(12 = n)1 (1 = p)p'2", )

In Eq. (1) p is the probability that a given Mn
nearest-neighbor atom will be a Ni atom, and x is
the fraction of Mn atoms per formula unit Ni,_,
Mn,.

The probability p is related to the sample com-
position and degree of atomic order. Since only
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the nearest neighbor environment is examined, it
is appropriate to employ a short-range-order
parameter o in the analysis,

0 =(p = Paisord/ Pora— Paisord « (2

The subscripts “disord” and “ord” refer to the
probability that a given manganese nearest neigh-
bor is nickel for disordered and perfectly ordered
states, respectively. These probabilities are
given by

Porg=1, x<0.25, (3a)
Pora=1.25—x, x20.25, (3b)
Paisora™ 1-x. (4)

From the above relations, the existence probabili-
ty of a Mn atom with different NNE can be calcu-
lated as a function of composition x and short-
range-order parameter o.

For the Mn(A) category, which is central to the
application of the LEM to remanence reversal,
one may calculate,

PiM(x,0)= 21’{4";.)(’5, a), (5)

the existence probability for Mn atoms with four or
more nearest-neighbor Mn atoms. These regions
are of importance in exchange anisotropy and re-
lated phenomena.*® Here arises the problem that
Mn atoms in the NNE can also be nearest neigh-
bors to other Mn atoms in the NNE. Since the Mn
concentration is not dilute, such complications are
of importance. They are, however, neglected in
the present analysis for convenience of calculation.

As discussed above, it is necessary to consider
isolated Mn(A) regions explicitly. Expressions for
the existence probability of these regions can be
obtained by considering explicitly the Mn atoms in
the NNE of the core Mn(A) in Fig. 7(a). There are
four to twelve such atoms; each one already has
at least one nearest-neighbor Mn atom in the core
Mn(A) atom. For this reason, the counting pro-
cedure is modified from that utilized above. Out
of the eleven remaining nearest neighbors of the
Mn in the NNE, the probability that » of them are
also Mn is

B&g)(x,q)=[11!/m!(11—m)!](l_p)mpll-m (6)

The existence probability of a Mn(A4) core with a
certain number of Mn atoms in its NNE, specified
by #, and with z of these » Mn atoms also Mn(A4),
is given by

’ 1
(n,2) = p(n) n: (m) '} ?
Ry ® =Py (x’q)z!(n—z)!(m_ Qun )

«( )™ ™

Thus, the existence probability of isolated Mn(A)
aggregates is obtained as

isol (n,2=0)
Pynear = S ERMI: . ®)
n=

The existence probability of multiple Mn(A) aggre-
gates, those with one or more Mn(4) atoms in the
NNE, is given by

Pt = 2 Z R (9)
= £

The calculated existence probability for isolated
Mn(A) aggregates and multiple Mn(A) aggregates
are shown as a function of the short-range-order
parameter o in Fig. 9, for x=0.25. The isolated
Mn(A) regions initially increase in concentration
up to 0~ 0.4 and then decrease for v>0.4. The
multiple Mn(A) regions simply decrease with in-
creasing o as order development breaks up near-
est-neighbor Mn pairs. As the multiple Mn(A4) re-
gions break up during the initial stages of order-
ing, an increase in the number of isolated aggre-
gates results. For example, one may imagine a
process where twin Mn(A4) aggregates with z =1 de-
cay into isolated Mn(A) regions. Wide-scale order
development will eventually lead to a decrease in
all types of Mn(A) aggregates.

Comparison of the theoretical results in Fig. 9
with the data in Fig. 5 provides support for the in-
terpretation of remanence reversal in terms of the
LEM. Consider first the size of the maximum re-
versed remanence at the peak, 2.2 emu/cm?, for
the 24.6-at.%-Mn alloy annealed for 11 min at
500 °C (Fig. 6). If the peak is due to the isolated
Mn(A) regions, the maximum reversed remanence
is given by

My =y, P, /03, (10)

where (L, is the moment per Mn(A) atom, a, is
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FIG. 9. Calculated existence probability for isolated
Mn(A) regions, Pﬁﬂ’(‘ 4)» and multiple Mn(A4) regions,
PTu,, as a function of short-range-order parameter o
for the NizMn composition.



the lattice constant and the factor of 4 accounts
for the four atoms per unit cell in the fcc lattice.
Fora,=3.59 A and M™%~ 2 2 emu/cm?, one ob-
tains a value of the Mn(A) moment,

Pagg 0,341, . (11)

Kitaoka and Asayama® estimate a value of 1.6—
1.7y for the antiparallel Mn atoms in an alloy of
10-at.% Mn. They suggest that manganese NNE
atoms can cause a reduction in the core Mn mo-
ment. The neutron data of Cable and Child** for
disordered Ni-Mn alloys with Mn content up to 20
at.% also indicate a strong decrease in the average
Mn moment with increasing Mn content. They sug-
gest an environmental effect on the Mn atomic mo-
ment. Recall that the reversed remanence is due
to the difference between the Mn(A) moment and
the NNE moment. Equation (10) assumes that the
NNE moment is negligible at the temperature
where the reversed remanence is maximum.
Thus, the 0.34u, estimate for the moment of the
isolated Mn(A) core is reasonable.

The dependence of the remanence reversal upon
annealing time in Fig. 5 is also consistent with the
theoretical results for isolated Mn(A) in Fig. 9. If
one assumes a simple thermal diffusion process
for the atomic order development, the horizontal
axis in Fig. 5 is linear in the order parameter o.
For thermal equilibrium at 10*-10° min, the peak
in the reversed remanence is estimated to occur
at 0~0.3-0.4. The peak in the concentration of
isolated Mn(A) aggregates in Fig. 9 is seen to oc-
cur at 0~ 0.4. Thus, the isolated Mn(4) aggregate
concept, -although the correlation with the NNE is
neglected, explains both the maximum reversed
remanence and its dependence upon atomic order.
A complete LEM analysis would require identifica-

tion of the explicit nature of the Mn(A4) regions re-

sponsible for remanence reversal, as well as a
more rigorous statistical calculation.
The role of various types of multiple Mn(A) re-
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gions should also be considered. Twin Mn(A) re-
gions, in which the Mn(4) core has one Mn(A)

atom in its NNE, might freeze-in with the two core
Mn(A) moments parallel due to the effect of the .
rest of the NNE, in spite of the negative exchange
between them. Upon warming under zero-field
conditions, these spins could return to their anti-
parallel orientation and diminish the magnitude of
the remanence reversal. For triplets and higher-
order multiple Mn(A) aggregates, one would ex-
pect the antiferromagnetic interactions to dominate
the spin order within the aggregate.” The net mo-
ment of such multiple Mn(A) regions would be
zero, and they would not contribute to the rema-
nence reversal.

VI. SUMMARY AND CONCLUSION

A comprehensive experimental characterization
of remanence reversal in Ni-Mn alloys has been
made. The data have been explained on the basis
of a LEM. The reversal is due to isolated Mn(A)
atoms with four or more Mn nearest neighbors,
none of which are themselves Mn(A4) atoms. The
model accounts for the reversed remanence and
its dependence on atomic order. It also explains
other essential features. The remanence reversal
may be considered as a second-order effect related
to the LEM, just as the exchange anisotropy and
related phenomena considered in Refs. 4 and 5 are
first-order effects of the LEM.
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